Abstract-This paper proposes a technique to track and reg ulate the "true average" current in any branch of a pulse-width modulated dc-dc power converter. An example buck converter in continuous-conduction mode is considered. A comprehensive characterization is presented for the proposed scheme. An over all dc and small-signal analysis of the inner current loop is performed. The current average current-mode control methods suffer from switching instability at low duty ratios due to a large ripple in the sensed current. Moreover, the current error amplifier's high-frequency pole located at the switching frequency neither alleviates the stability issue nor improves the dynamic response of the converter. In the proposed approach, a low pass filter, which attenuates any high-frequency ripple is placed in the feedback path of the current loop. Consequently, the control voltage is nearly dc and proportional to the actual average value of the inductor current. The inner current loop gain transfer function of the presented circuit has been derived. 
I. INTRODUCTION
Average current-mode control has been a preferred solution for current control in various applications such as LED light ing, power factor correctors, and battery chargers [1] - [7] . It is also an attractive solution in two-loop dc-dc converters. Its inherent advantages are: (a) better noise immunity, (b) absence of digital or logic circuits, and (c) no requirement for slope compensation.
The existing average current-mode control techniques have been discussed in great detail in [J] and [2] . In [J] , the current error amplifier was designed for an optimum proportional gain at the point, where the down-slope of the inductor current and the up-slope of the sawtooth voltage waveform applied to the pulse-width modulator are equal. However, this optimum gain led to a high inductor current ripple; consequently, the control voltage contained a proportionally amplified ripple component, which could intersect the sawtooth voltage wave form more than once during each switching period. This resulted in switching instability imposing a limitation on both duty cycle and peak sensed current. Moreover, in [1] , the crossover frequency of the uncompensated loop gain was ie = is/(27rD), where is is the switching frequency and D is the duty cycle. At low duty ratios, for example, D .-::: 0.15, the crossover frequency ie ::;:, is, which violates the Nyquist sampling theorem. Moreover, in [J] and [2] , it was shown that a high-frequency pole due to the error amplifier located at is eliminates the switching frequency component in the sensed current. This pole only guarantees the optimal slope condition; however, it does not contribute to an accurate average current sensing.
To overcome the above drawbacks, this paper proposes a technique, which tracks and regulates the true average current (or dc current) in any branch in the converter. A representative figure is shown in Fig. 1 . A low-pass filter in the feedback path ideally eliminates the high-frequency ripple in the sensed current and allows only its average (or dc) component to the error amplifier. In the described method, the feedback voltage is ideally dc and is compared with the reference voltage to yield a dc control voltage. The feedback-path filter pole ip is located at ie < ip < is, where ie is the loop gain crossover frequency. The order of the stages in the loop is important. For an effective ripple suppression and true average tracking, the low-pass filter must be placed after the power stage. Therefore, in the presented scheme, the filter is placed in the feedback path. However, adding a filter pole before the power stage, e.g. , in the control circuit [1], [2] , [7] , does not reduce the ripple. Consequently, the transistor is triggered ON at the peak inductor current instead of the average inductor current.
In summary, the major advantages of using the described + Va inverting amplifier boosts its average value to that nearly equal to the reference voltage VRI. The error voltage is given as
The error amplifier such as a proportional or a proportional integral control circuits are used to generate the required control voltage given by
where TciO is the dc gain of the control circuit. In this paper, a proportional integral control circuit is used because of large dc gain and improvement in bandwidth. technique are: (a) the error amplifier circuit and the low-pass filter are decoupled and both these circuits can be designed independently for improved performance, (b) switch current, diode current, or inductor current of any magnitude can be sensed, and (c) sampling is not required for the circuit description unlike in peak current-mode control.
II. DC ANALYSIS
A. Circuit Description 
B. Steady-State Operation
The inductor current iL comprises of the switching fre quency component lli L superimposed on the average value IL. The potential difference across the sensed resistor Rs is
The low-pass filter reduces or theoretically eliminates the switching frequency component of VRS, while the non-
where VTm is the amplitude of the sawtooth waveform. For steady state, V E l;::: :: : 0 and therefore, Vel;::: :: : VRI. From (4), the control voltage is Vel = DVTm or ve i = VTmd.
III. MODEL DEVELOPMENT
A large-signal model of the average current controlled buck converter has the following sensed voltage where il is the low-frequency, small-signal inductor cur rent. The feedback path low-pass filter eliminates the high frequency component RslliL' The dc component Rsh is compared with the reference voltage set by the outer voltage loop. The low-frequency, small-signal disturbance Rsil is attenuated by the error amplifier. Due to space constraints, only the small-signal block diagram of the closed inner current loop is shown in this paper. Fig. 3 shows the complete small-signal block diagram of the buck dc-dc converter with average current-mode control. The outer voltage loop sets the reference voltage to the inner current loop. The small-signal linear equivalent model of the buck dc-dc converter has been derived using circuit averaging technique in [6] . The small signal model is adopted from [5] and its duty cycle-to-inductor current transfer function Tpi, inductor current to output voltage transfer function Tv, and duty cycle-to-output voltage transfer function Tp are presented here. Detailed derivations for Tpi, Tv, and Tp are provided in [5] .
A. Power Stage Transfer Functions Tpi and Tv
The duty cycle-to-inductor current transfer function of the open-loop buck converter is given as where Tpix = VI / L, the gain at dc is Tpi O = VI/(RL + r), the undamped natural frequency is
LC(RL + rc) '
the frequency of LHP zero is
and the damping coefficient is
In the above expressions, rc represents the parasitic resistance of the filter capacitor and r represents the equivalent averaged resistance given as r = DrDS + (1 -D)RF + rL, where rDS is the on-state resistance of the MOSFET, RF is the on resistance of the diode, and r L is the dc parasitic resistance where Tvx = RLrCC /[(RL + rc)C], the gain at dc is Tvo = RL, and the LHP zero is f z = wz/21 f = 1/(21 fCrc).
B. Transfer Function of Filter and Non-Inverting Amplifier TJ
The low-pass filter stage composed of a resistor RJ and a capacitor C J is connected to the non-inverting terminal of the non-inverting amplifier. The non-inverting amplifier is composed of two resistors RaJl and Raj. The complete transfer function is
C. Overall Transfer Function of Inner Loop Tki
The natural behavior of the inner uncompensated loop can be determined using the overall transfer function given as 3272 where Tm, Tpi, and TJ are given in (4), (6) , and (11), respec tively. Also
From (12) where dc gain Tki O is given by
VTm(RL + r) RaJl low crossover frequency, and the phase at crossover frequency must be modified to achieve a phase margin of 60°. The stability of the inner loop at high frequencies is ensured by the pole of the low-pass filter. The dc gain and crossover frequency must be boosted to a higher value. A classical proportional integral circuit, satisfies these requirements and its design is presented in the following section.
B. Transfer Function of Control Circuit Tei
A proportional-integral circuit as shown in Fig. I has a pole at the origin that boosts the dc gain and a zero at fe/l0 to improve the crossover frequency, where fe is the desired crossover frequency, and fe > f�. The where Wzei = �;, = R 2 l C , . Equivalently, and PM = 62.5°.
Rl = 1.1 kD, and R2 = 2 kD. The zero of the control circuit is located as f zei = 1 kHz.
C. Loop Gain of Inner Current-Loop Ti
The loop gain of the compensated inner current loop is (21) or equivalently
s(s + wpJ )(s 2 + 2�wos + w5) '
Manipulating (22) yields
where Ti O is the gain at s = 0 given by
The magnitude and phase plots of the loop gain transfer function Ti are shown in Fig. 5 . The dc gain is Ti O :::: :: 55 dB= 562.34 VN, the crossover frequency is fe = 10 kHz, and the phase at the new crossover frequency is CPTi (fe) = -117. 5°. The phase margin was measured as P lvI = 62.5° and the gain margin was GlvI = 00. The phase of the loop gain is -90° at dc and is attributed to the low-frequency pole of the proportional-integral control circuit. It has been observed that the selection of the filter cutoff frequency has a significant effect on the phase margin. As the cutoff frequency fpJ approaches the corner frequency fa, the phase margin reduces to zero, hence, causing instability. iii iii 9.64m 9.65m 9.66m 9.67m 9.68m 9.69m I(s) 
VI. MODEL VALIDATION THROUGH SIMULATIONS
The average current-mode controlled buck dc-dc converter in Fig. 2 was designed, built, and tested on Saber circuit sim ulator to verify the correctness of the theoretical predictions. The values of the components used in the simulations have been provided in Sections IV and IV-B. The characteristics of the loop gain are unaffected by the feedback path low-pass filter up to the crossover frequency. Therefore, the control circuit can work independently to optimize the dynamic performance of the converter. (d) Noise immunity is enhanced by using the low-pass filter in the feedback path. The low-pass filter can be placed either in the feedback path (as described in this paper) or in the forward path (before the current error amplifier). However, it was observed by the authors that an ideal location for the filter was the feedback path due to better loop gain characteristics. Detailed comparison of the performance of the converter for these two cases is a topic for future study.
